We develop a statistical mechanical model for RNA/RNA complexes with both intramolecular and intermolecular interactions. As an application of the model, we compute the free energy landscapes, which give the full distribution for all the possible conformations, for U4/U6 and U2/U6 in major spliceosome and U4atac/U6atac and U12/U6atac in minor spliceosome. Different snRNA experiments found contrasting structures, our free energy landscape theory shows why these structures emerge and how they compete with each other. For yeast U2/U6, the model predicts that the two distinct experimental structures, the four-helix junction structure and the helix Ib-containing structure, can actually coexist and specifically compete with each other. In addition, the energy landscapes suggest possible mechanisms for the conformational switches in splicing.
Introduction
The coding sequence (exons) in the premessenger RNA (pre-mRNA) is separated by the intervening non-coding sequences (introns). 1, 2 In order to produce the mature and functional mRNA, the introns must be accurately removed from the pre-mRNA (splicing). In most eukaryotes, the process is accomplished by the spliceosome, which is composed of five small nuclear RNAs (snRNAs) (U1,U2,U4,U5,U6) and over 50 proteins. [3] [4] [5] [6] Two sequential transesterification reactions are found in splicing the pre-mRNA. In the first step, the 2 0 hydroxyl of a bulged adenosine near the 3 0 end of intron attacks the 5 0 splice site, generating a branched lariat intermediate and the 5 0 exon containing a 3 0 hydroxyl. In the second step, the 3 0 hydroxyl of the free 5 0 exon attacks the 3 0 splice site, ligating the exons and excising the intron to create the mature mRNA.
The U4/U6 and U2/U6 complexes are functionally important for splicing in the major introns. In yeast, the U4/U6 complex is found to assemble the spliceosome before the two steps of splicing. Subsequently, the U2/U6 complex is formed, which requires unwinding the U4/U6 complex. [7] [8] [9] [10] [11] The dynamic process may be found in other species such as human [12] [13] [14] [15] and Nosema locustae 0022-2836/$ -see front matter q 2005 Elsevier Ltd. All rights reserved.
Abbreviations used: pre-mRNA, pre-messenger RNA; snRNAs, small nuclear RNAs; snRNPs, small nuclear ribonucleoprotein particles; ss, splice site.
E-mail address of the corresponding author: chenshi@missouri.edu (N. locustae). 16, 17 Distinct structures have been proposed for the U2/U6 complex in yeast and human. 8, 12 The main difference between these structures is whether an intramolecular stem in U2 (stem I) is unzipped to form an intermolecular stem (helix Ib).
The formation of helix Ib was first proposed by Madhani & Guthrie. 8 Subsequent studies for yeast and human confirmed the central role of the intermolecular helix Ib. 11, [18] [19] [20] Furthermore, it was found that strengthening the intramolecular U2 stem I can destabilize the helix Ib and consequently block splicing. 18, 21 Also, it was found that destabilizing the extended U6 helix can enhance the splicing in yeast. 11 These experimental findings clearly show the functional importance of the intermolecular helix Ib and the interplay between intermolecular and intramolecular interactions.
On the other hand, it was proposed that U2/U6 complex may contain the intramolecular U2 stem I in both yeast 9, 10 and human. 12 Recently, an NMR structural measurement showed that a protein-free U2/U6 complex from yeast is a four-helix junction, 22 which consists of the intramolecular U2 stem I. The intermolecular helix Ib was absent in the NMR structure of the U2/U6 complex. The fourhelix junction and the intramolecular stem I in U2 can be relevant to the first step of splicing by helping position U6 intramolecular stem-loop adjacent to the 5 0 splice site, while the other structure (with the intermolecular helix Ib) may be protein-dependent and occur in the second step of splicing. The conformational switch may occur in the active site between the two steps. In addition, Moore & Sharp proposed that the conformational switch is from a group II-like structure to a group I-like structure. 23 A new non-consensus splice was first recognized by Jackson. 24 Later, Hall & Padgett proposed that there was a distinct minor-class of introns (AT-AC). 25 Further studies to unveil the splicing machinery for this type of introns lead to the discovery of a new-abundance spliceosome (minorclass spliceosome). The components of this spliceosome include five identified small nuclear ribonucleoprotein particles (snRNPs). They are, respectively, U11, U12, U5, U4atac and U6atac. [26] [27] [28] The U12 snRNA is the analog of U2 snRNA in the major spliceosome and the U4atac and U6atac are the analogs of U4 and U6 snRNA in the major spliceosome. The functional similarities between these two sets of snRNAs are supported by the conservation of RNA-RNA interactions among the pre-mRNA splice sites, U12 snRNA, U6atac snRNA, and U11 snRNA. [29] [30] [31] [32] [33] [34] [35] [36] [37] The proposed structure of U12/U6atac complex shows high conservation from vertebrates to higher plants. 34 For example, the U12/U6atac complex contains the intermolecular helix Ib which agrees with the novel U2/U6 base-pairing interaction in yeast. 8, 18 Moreover, U4 snRNA is found to function in both major and minor spliceosomes, 37 which gives further strong support for the possible high structural conservation for the complexes in the major and minor classes of spliceosomes.
To understand the physical mechanism for snRNA functions in spliceosome requires detailed quantitative analysis on the folding stabilities and conformational changes for snRNA complexes. For DNA complexes, DNA Software Inc. has successfully developed a numerical software to predict DNA hybridization by computing the equilibrium distribution for hundreds of conformational species as a function of temperature. 38 For RNA complexes, several computational algorithms have been developed to successfully predict the native structures and thermal stabilities for RNA/RNA complexes. [39] [40] [41] [42] These models are not without limitations. For example, the OligoWalk algorithm 39 does not treat suboptimal structures or the full conformational distribution and other thermodynamic models [40] [41] [42] can treat conformational ensemble but fail to consider the intramolecular interactions. Recently, another successful algorithm (PairFold) has been developed to predict the optimal and suboptimal structures for RNA/RNA complexes. 43 The algorithm can account for both the intermolecular and intramolecular base-pairs. However, the model does not consider the noncanonical mismatched base-pairs and the model focused on the native and suboptimal structures rather than thermal stability and full conformational distributions, which requires a rigorous treatment for the thermodynamic conformational sampling and entropy. A previous lattice conformation-based model 44 can predict the free energy landscapes and the conformational changes for RNA/RNA complexes. But the model was based on simplified lattice conformations, so it cannot treat realistic RNA-RNA complexes.
We present a new statistical mechanical theory to compute the free energy landscapes for the RNA/ RNA complexes. In the model, we fully take account of both the intermolecular and intramolecular interactions. We also account for both canonical and non-canonical (mismatched) basepairs. The free energy landscape can give the full distribution for all the possible conformations. Such information is particularly useful for snRNA complexes, whose functions involve multiple stable structures and structural transitions. Based on the free energy landscape, we investigate the folding stability and (equilibrium) pathways for the spliceosome snRNA complex. The motivation for the application of the model to snRNA complexes is fourfold. First, we can validate the model through extensive theory-experiment comparisons for the stable (low-free energy) structures. Second, snRNA experiments found contrasting structures, our free energy landscape theory shows why these distinct structures emerge and how they may compete with each other. Third, the predicted folding stability and pathways suggest possible mechanisms for conformational transitions in splicing. Fourth, the free energy landscape can give stabilities for all the possible (functional) intermediates, and such information is important for understanding splicing efficiency.
Results and Discussion
Prediction of the ribozyme-RNA complexes
In Table 1 , we compare the accuracy for the native structure prediction between our model and the PairFold program for 17 ribozyme-substrate complexes. 43 The difference between the present model and the model of Andronescu et al. is that: (i) the model of Andronescu et al. is for optimal and suboptimal structure prediction only, while our model gives the full energy landscape with the native structure as the global minimum point; (ii) our model is based on the first principle calculation (with a virtual bond model) for the conformational entropy and folding thermodynamics; 45 (iii) our model accounts for the non-canonical mismatched basepairs. To measure the accuracy of the predicted native structures, we follow Andronescu et al. and use sensitivity (SE) and specificity (SP) as two criteria, where sensitivity is defined as the ratio of the number of the correctly predicted base-pairs to the number of the base-pairs in the experimentally determined structure, and the specificity is defined as the ratio of the number of the correctly predicted base-pairs to the total number of the canonical base-pairs in the predicted structure. From Table 1 , we find that the present model can give improved predictions for the native structures. For example, as shown in Figure 1 , the present model gives about 15% improvement in both SP and SE for a modified hairpin ribozyme and substrate complex.
The low free energy structures of snRNA complexes and the spliceosome functions Low free energy structures of snRNA complexes Truncated sequences. In our calculations, we truncate the snRNA sequences (see Table 2 ) and focus only on the sequences that are involved in the snRNA/snRNA binding, except for human U2/U6, for which we also remove the intermolecular helix III. 12 The removed sequences are located in the 5 0 or 3 0 terminal regions. These sequences contain (conserved) snRNA sequences that bind to pre-mRNA to form snRNA/premRNA complexes in the respective 5 0 or 3 0 regions. For example, in the U2/U6 complex, the removed U6 5 0 nucleotides (.ACAGAGA., conserved in yeast and human) pair with the 5 0 - We use the predicted ribozyme-substrate complexes by Andronescu et al. as the references. S 1 and S 2 are the lengths of the two sequences. In the calculation, the ion concentration is 1 M NaCl, and the temperature is 37 8C.
splice site (ss) of the pre-mRNA to form a U6/5 0 ss helix, and the removed U2 3 0 nucleotides (.AGUGUAGUA., also conserved) pair with the branch point of the intron to form a U2/intron branch point helix. The present form of the model does not treat the triple-chain (premRNA/snRNA/snRNA) complexes. The use of the truncated sequences allows us to focus on the binary snRNA/snRNA complex, which forms the catalytic core. The study of the conformational changes for snRNA/snRNA complexes is helpful for the understanding of the splicing process.
In addition, for U2/U6, the removed U6 3 0 sequence and U2 5 0 sequences, which are separated from the central part of the complex by the long helix II (see Figure 2 (a)-(c)), are expected to have minimal effects on the structure and the stability of the central part of the U2/U6 complex. For U4/U6 and U4atac/U6atac complexes, the termini are stabilized by the longer helix I and helix II (see Figure 5 ), so the removed sequences in the 5 0 and the 3 0 termini may have negligible effects on the U4/U6 and U4atac/U6atac complexes.
General results. We apply our statistical mechanical model (see Theory and Methods) to systematically predict the low free energy structures for snRNA complexes in major and minor spliceosomes. We summarize our results in Table 2 and show the predicted structures in Figures 2, 4 and 5.
For yeast and human U2/U6 complexes (Figure 2(a) and (b) ), because the experiments were performed around room temperature, 14, 15, 22 we show the low free energy structures at 25 8C in order to make close comparisons with the experiments. For U2/U6 complex in N. locustae Figure 5 ), however, the experimental studies for the structures were mostly performed at 37 8C, therefore we present the 37 8C results.
A notable feature in the low-free energy structures in Figures 2, 4 82 The row and column indexes in the density plots denote the nucleotides along the two sequences. The two sequences are aligned such that the short sequence is followed by the long sequence.
Free Energy Landscapes for Spliceosomes
In general, the predicted structures agree with the experimental results very well. For instance, for yeast U2/U6 complex, experimental studies give two distinct structures: a four-helix junction structure (Figure 2 (a)(I)) that resembles the hairpin ribozyme. 22 Moreover, the extended U6 intramolecular stem-loop in the four-helix junction closely resembles domain 5 of Group II intron with the conserved AGC triad. Similarly, the intermolecular structure (Figure 2 (a)(III)) resembles domains 5 and 6 of Group IIA intron with the helix Ib-like stem for the conserved AGC triad. 8, 18 Our theory predicts both structures as possible coexisting/competing alternative states of yeast U2/U6.
Given the possible errors in the entropy calculation 45 and in the experimental measurement for the stacking energy parameters, 47, 48 our predicted results cannot be error-free. In fact, the relative distribution between the competing states can be quite sensitive to the entropy and enthalpy parameters used in the model. In the statistical mechanical framework, the fractional population of state i is given by:
where DG j is the free energy of state j (relative to the fully unfolded state) and P j is the sum over all the possible states in the complete conformational ensemble.
We test the sensitivity on the entropy DS and the stacking enthalpy DH stack separately. We use yeast U2/U6 complex (Figure 2(a) ) as an example.
0 is found to cause a small shift in the populational distribution by (Dp I ,Dp II ,Dp III )Z (K10%, K5%, and 15%) for structures I, II, and III in Figure 2 (a), respectively. Such a change in DH stack would stabilize helix Ib in structure III and thus cause an increase in p III . As another test, an increase in DH stack of 5 0 CC3 0 -5 0 GG3 0 would cause a more significant change in stability: (Dp I ,Dp II ,Dp III )Z (35%, K30%, and K5%), corresponding to the stabilization of structure I.
To test the error-tolerance for the entropy DS calculation, we vary (increase) the loop entropy that is computed from the virtual bond model 45 by 10%. We find (Dp I ,Dp II ,Dp III )Z(K15%, 15%, and 0%), indicating the stabilization of other unfolded states (of large entropies).
From the above test results, we find that the snRNA/snRNA stability, which involves multiple loops and many base-pairs, can be sensitive to both the base stacking parameters and the loop entropy parameters. This clearly shows the importance for accurate experiments on DH stack and rigorous (physical) models for entropy calculation.
Helix Ib in U2/U6 and U12/U6atac complex U2/U6 (yeast). (a) Experiments suggest two distinct structures. From the genetic and biochemical studies, Madhani & Guthrie 8 proposed a yeast U2/U6 complex structure that contains a novel intermolecular base-pairing interaction, helix stem helix Ib in Figure 2 (a)(III). Mutational studies 8, 11, 18 demonstrated that this inter-molecular helix, formed through the base-pairing between U2 and the conserved U6 triad sequence AGC, is critical for splicing. More specifically, it was suggested that the The (truncated) sequences of U2/U6, U4/U6, U12/U6atac and U4atac/U6atac are shown in the Table. For U2/U6 complex, the calculation is performed at TZ25 8C in order to compare with the NMR determined structure for yeast in Sashital et al. 22 and the structure for human in vitro 14 and protein-free structure for human, 15 which are performed at about room temperature. For other structures, the calculation is performed at standard condition (1 M NaCl and TZ37 8C). See also Figure 2 for the predicted low-free energy structures (with and without the coaxial stacking). In the results listed in this Table, we consider the coaxial stacking for the fourhelix junction. For the structure with multiple coexisting states, we select the first two most populous structures of populations higher than 10%. formation of helix Ib may be required for exon ligation. 18 Furthermore, structural similarity between the proposed U2/U6 complex and the domains 5 and 6 of Group IIA intron 49 further supports the proposed intermolecular interaction.
Recently, Sashital, Cornilescu & Butcher performed NMR studies on the protein-free yeast U2/U6 complex structure. 22 The NMR study suggested a four-helix junction structure (see Figure 2 (a)(I)), which is quite different from that proposed by Madhani & Guthrie. 8 The most notable feature in the NMR structure is the absence of the critical inter-molecular helix, helix Ib. In the fourhelix junction, the AGC triad is unzipped from the inter-molecular helix, helix Ib, to form (intramolecular) base-pairs in the elongated U6 intramolecular helix. Furthermore, by making analogy to the hairpin ribozyme, 50 Butcher et al. 22, 51 proposed that the helix stems of the four-helix junction can form coaxial stacking.
(b) Theory predicts the experimental structures as coexisting/competing states. For a multi-helix junction structure, the adjacent helices may form coaxial stacks. However, with the presence of other molecules such as proteins, such coaxial stacking may be inhibited. Therefore, in our calculation, we perform the calculations with and without coaxial stacking separately.
(i) With coaxial stacking. By including the possible coaxial stacking in the conformational ensemble, we predict a single dominant structure-structure I in Figure 2 (a) for 25 8C. In fact, we find that structure I is still the dominant structure even at a higher temperature (37 8C) . This is consistent with the experiment. 22 In the calculation, the statistical weights of coaxial stacked structures are evaluated using the coaxial stacking parameters in Walter & Turner. 52 We found that the coaxial stacking can significantly stabilize the four-helix junction structure in Figure 2 (a)(I). The most stable structure is found to be formed through the coaxial stacking between U2 stem I and helix II and between helix Ia and the intramolecular U6 helix. It occupies nearly 100% fractional population. From the good SE and SP values of Table 2 (#18), we find that our predicted structure agrees well with the NMR result. 22 There exist two possible coaxial stacking patterns: U2 stem I-helix II and helix Ia-intramolecular U6 helix stacking, or U2 stem I-helix Ia and helix II-intramolecular U6 helix stacking. Our thermodynamic model shows that the first arrangement is thermodynamically much more stable than the second one. This is because the helix IIintramolecular U6 helix stacking in the second coaxial pattern requires the juxtaposition of the two ends of the loop from U88 to A93, resulting in a large unfavorable entropic loss. In the predicted stable (first) coaxial pattern, the intron-binding site A26 (U2) and U52 (U6) are brought into close proximity, which can facilitate the formation of the tertiary contact between them. 51 This is consistent with the experimental finding. 14, 53, 54 The second coaxial stacking arrangement, though thermodynamically unstable, supports the juxtaposition between the metal-binding site U80 in the intramolecular U6 helix and the intron-binding region of U2. Our calculation suggests that the possible stabilization of the second coaxial pattern requires assistance from protein or the two coaxial stacking structures exist kinetically before reaching thermal equilibration.
(ii) Without coaxial stacking. Without considering coaxial stacking, the theory predicts three coexisting structures for the U2/U6 complex from yeast at about TZ25 8C (see Figure 2(a) ). These three structures correspond to three minima on the free energy landscape in Figure 3(a) . Structure II is a partially unfolded form of structure I and can thus be classified as the same structural category of structure I. So effectively we can classify the three predicted structures into two structural categories as represented by structures I and III, respectively.
The predicted structures agree with the experimental structures derived from the functional and biochemical studies. For example, both structures I and III contain inter-molecular helix Ia and II and intramolecular U6 helix. Genetic and biochemical studies show that these inter/intra-molecular interactions are important for splicing. In addition, helix Ia has been proposed to play a role in splicing activation by juxtaposing the removed U6 5 0 nucleotides (.ACAGAGA., conserved in yeast and human), which are base-paired with the 5 0 ss of the pre-mRNA, and the removed U2 3 0 nucleotides (.AGUGUAGUA., also conserved), which are base-paired with the branch point.
A key difference between structures I and III is whether it contains the intermolecular helix Ib. Previous experimental studies suggested that structure I competes specifically with helix Ib. 11, 18, 21 Our first principle calculation provides unambiguous support for the experimental finding. From the perfect SE and SP scores for structure III (1.00, 1.00), we find that our predicted structure III, which contains helix Ib, agrees exactly with the experimentally derived structure. 8, 18 For structure I, there is a slight difference between the predicted structure and the NMR structure. The key difference is for the base-pairing for A59 in the AGC triad. A59 in the predicted intramolecular U6 helix in Figure 2 (a)(I) is unpaired while it is paired with U88 in the NMR structure. This is because the A59-U88 pair (5 0 AG3 0 -5 0 UU3 0 stack; DGZK0.6 kcal/mol) 47 is less stable than the alternative pair A59-A25 (5 0 AG3 0 -5 0 CA3 0 mismatched stack; DGZK1.8 kcal/mol). However, the coaxial stacking between helix Ia and the intramolecular U6 helix would stabilize the A59-U88 pair. This result further supports the formation of the possible coaxial stacking between Ia and the intramolecular U6 helix.
Both coaxial stacking and coaxial stacking-free calculations predict that the four-helix junction structure I is more stable than the helix Ib-containing structure III at 25 8C. This is consistent with the NMR study, which shows that the fourhelix junction is dominant at least for temperatures at 283 K, 298 K, and 303 K. 22 Furthermore, as we will show in the later section on the folding pathway, an increase in temperature would destabilize the four-helix junction structure, resulting in a I/III conformational change. Such conformational switch has been hypothesized to occur during the two transesterification steps of splicing, 22, 51, 55 and our model supports the experimental hypothesis.
In summary, the statistical mechanical model predicts both experimentally suggested yeast U2/ U6 structures (I and III in Figure 2(a) ). The two structures are found to coexist and compete with each other. The formation of coaxial stacking can significantly stabilize the four-helix junction structure I. Comparison with the NMR structure supports the proposed coaxial stacking in the four-helix junction. In the section on U2/U6 folding pathways, we will further investigate the conformational change of the structures and their implications on splicing. 14, 15 proposed that human U2/U6 structure contains a long U6 intramolecular helix extended beyond the A-C mismatch (at room temperature). The extension of the U6 intramolecular helix would disrupt the intermolecular helix Ib that is critical for splicing in yeast as demonstrated in biochemical and genetic studies. Furthermore, Sun & Manley 12 suggested that, in analogy to hairpin ribozyme structure, human U2/U6 may form a four-helix junction; see Figure 2 (b)(I). Such a structure has been further supported by several other studies. [13] [14] [15] Shown in Figure 2 (b) are our predicted low free energy structures for human U2/U6 complexes and the fractional populations with and without the coaxial stacking, respectively. Similar to yeast U2/U6 complex, human U2/U6 also has multiple competing structures.
U2/U6 (human
By including all the possible coaxial stacking in the conformational ensemble, we find that at 25 8C, the four-helix junction (I in Figure 2(b) ) is the most Figure 3 . The free energy landscapes for U2/U6 complex in yeast, human and N. locustae without (a) and with (b) fourhelix coaxial stacking. Only conformations with free energies within 6k B T above the global minimum are shown. For U2/ U6 complex in human with four-helix coaxial stacking, structure IV is consistent with the experimental determined structure in Sun & Manley. stable structure. It occupies 85% of the total population, which means that 85% of the molecules would have this conformation, or, equivalently, a molecule has a probability of 85% to have this conformation. In fact, we find that the four-helix junction structure I is stable at higher temperature of 37 8C with a fractional population of 35% as compared to the 20% population for structures II, III, and IV (each). This is consistent with the experiment. 12 The predicted structure agrees almost exactly with the experimental structure except for a lone base-pair between A53 (in U6) and U19 (in U2), which is missing in the predicted stable structure. Such lone pairs are treated as unstable in RNA secondary structure. In the four-helix junction structure, the adjacent helix II and U2 stem I are predicted to stack through the 5 0 GG3 0 -5 0 CC3 0 base stacking, which contributes about K4.5 kcal/mol to the total stability. 52 Moreover, the tertiary interaction between G46 in U6 with A24 in U2 14, 15 will further stabilize the four-helix junction structure. In conclusion, our human U2/U6 model supports the proposed hairpin ribozyme-like structure reported in experiments. [12] [13] [14] [15] Without the coaxial stacking, structure II in Figure 2 (b) is the most stable structure and structure I becomes unstable (DG I KDG II ZC2.7 kcal/mol). This shows that the experimentally derived fourhelix junction structure is stable only in the presence of coaxial stacking. This clearly shows the importance of the coaxial stacking in human U2/U6 folding stability.
Further experimental studies suggested the possible role of other alternative structures for human U2/U6. For example, mutational study suggested that the formation of helix Ib (shown in Figure 2 (b)(II)) may be important for the first step of splicing in mammalian. 20 In addition, strengthening the helix I in the four-helix junction (in Figure 2 (b)(I)) was found to block splicing. 21 This implies that in the splicing process, the coaxialstacked four-helix junction may be destabilized so that other catalytically important structures can form. Structures II, III, and IV in Figure 2 (b) are the competing stable structures if the coaxial stacking is disrupted. However, unlike the U2/U6 structures in yeast, due to the lack of direct structural measurements for human U2/U6, it is unknown whether these predicted structures (II, III, and IV) would correspond to the functional structures of human U2/U6.
For human U2/U6, the truncated sequences in U2 and U6 are highly modified, including the 2 0 -Omethylations, pseudouridines and base methylations. [56] [57] [58] These modifications can affect the stabilities of the predicted structures in Figure 2(b) . Qualitatively, 2 0 -O-methylation (m) and pseudouridine (J) modifications can increase the stability of helices and the base methylations would likely destabilize the base-pairs. As a result, the m25-U2 modification can stabilize structures I, II and IV, which contain m25-U2 in helix Ia or Ic. Structure III is not stabilized because m25-U2 is unpaired in the structure. In contrast, modified bases J6-U2, J7-U2, m11-U2, m12-U2, m19-U2 as well as m53-U6 and m54-U6 are all paired (in different helices) in the four structures (I, II, III and IV). Therefore, the changes in the relative stabilities between the four structures caused by these modifications may not be significant. Due to the lack of the detailed thermodynamical parameters for the modified sequences, however, we are presently unable to give quantitative results for the stability changes caused by the above and other sequence modifications in U2/U6. U2/U6 (N. locustae). For N. locustae, we obtain four low free energy structures. Since structure III is the partially unfolded form of structures I, we can effectively classify the four predicted structures into three structural categories as represented by structures I, II and IV, respectively. Structures I and II are similar to that of yeast. Structure II, which consists of a helix Ib, is supported by experiments. 16 In fact, structure I can be further stabilized by the coaxial stacking between helix II and U2 helix a (5 0 AA3 0 -5 0 UU3 0 ). By comparing Figure 2 (a) (yeast) and (c) (N. locustae), we find clear parallel analogy: I (yeast)4I (N. locustae) and III (yeast)4II (N. locustae). We again find that the helix Ibcontaining structure II competes with the structure I.
In fact, even without the coaxial stacking, as shown in Figure 2 (a) and (c), the four-helix junction structure I is the most stable structure in yeast and N. locustae U2/U6. In contrast, for human U2/U6, the four-helix junction is stable only with the presence of coaxial stacking. This is because the U2 stem I and the intramolecular U6 helix are much more stable in yeast and N. locustae than in human, The coaxial stacking further enhances the stability of the four-helix junction structure I and destabilizes the helix Ib-containing structure II. Inhibition of the coaxial stacking may activate the formation of helix Ib, which is functionally important for splicing. 8, 18 U12/U6atac (Arabidopsis and human). The U12/U6atac base-pairing interaction is crucial for the splicing of a minor AT-AC intron. 27 ,59,60 A structural conservation for the U12/U6atac complex has been demonstrated in Arabidopsis and human. 34 In addition, comparing the U12/U6atac complex (see Figure 4) with the U2/U6 complex (see Figure 2) , we find that helix II in U2/U6 in Figure 2 is absent in the U12/U6atac complex. This seems to support the functional redundancy of helix II in the U2/U6 complex (see Figure 2 ) in the presence of helix Ib in yeast. 61 The structural similarities between the minor and major spliceosome may be explained as an evolutionary consequence.
We calculated the base-pair probability and free energy landscapes of U12/U6atac complex for Arabidopsis and human. The calculated results are presented in Figure 4 . The predicted structures consist of three important parts: helix Ia, helix Ib and U6atac intramolecular stem-loop structure. Mutational and biochemical studies support the novel base-pairing interaction of U12/U6atac in the predicted structure II in Figure 4 .
27,34 Moreover, we find an alternative structure (I in Figure 4 ) in the U12/U6atac complex for both species. The U6atac intramolecular stem-loop structure is rearranged as compared with structure II in Figure 4 . 
Free Energy Landscapes for Spliceosomes
Structures and structural conservation for the U4/U6 and U4atac/U6atac complexes The U4 and U6 base-pair interaction in yeast and human consists of two intermolecular helices and one U4 intramolecular stem-loop structure. 46, 62 One of the primary functions of U4 is to assemble the U6 chain in an inert conformation. 63 The U4 snRNA does not necessarily participate in the chemical step of splicing since a spliceosome intermediate that lacks U4 has been shown to be functional.
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U4/U6 (yeast, human). We predict the low free energy structures from the base-pairing probability. Figure 5(a) and (b) show the predicted stable structures for U4/U6 in yeast and in human, respectively. We find two competing alternative structures (I and II in Figure 5 (a)) in yeast. Structure II agrees with the proposed structure in experimental study 62 and the alternative structure I differs from structure II in a single-base shift in the stem II helix (see Figure 5(a) ). In human, a single low free energy structure (in Figure 5(b) ) is predicted. The structure is strongly supported by the experiments. 35, 46 From the predicted U4/U6 structures, we find high conservation for structures of the U4/U6 complex in yeast and human, both consist of two intermolecular base-pairing helices, separated by an intramolecular U4 stem-loop component.
(C.2) U4atac/U6atac (human, Drosophila). The novel U4atac and U6atac base-pairing interaction has been proposed by Tarn & Steitz. 27 Later, the model for U4atac/U6atac base-pairing interactions was revised by Padgett & Shukla 35 to account for a 2 nt error in U4atac snRNA. We predicted the low free energy states using the corrected sequences for both human and Drosophila. The predicted structures are shown in Figure 5 (c) and (d). The structure I in both human and Drosophila are in good agreement with that proposed in Padgett & Shukla. 35 An alternative structure (II in Figure 5 (c)) is found in the U4ata-c/U6atac complex from human.
The high structural similarity between U4/U6 and U4atac/U6atac and between U2/U6 and U12/ U6atac support the structural conservation in the evolution. Experiments in vivo have demonstrated that the U6 snRNA and U6atac stem-loop are functionally analogous, and U6 snRNA can functionally replace the U6atac snRNA stem-loop. 65 Furthermore, it was found that the U4 snRNA can function in both major and minor spliceosomes. 37 This evidence gives additional support for the structural conservation in the snRNA complexes between major and minor spliceosomes.
Folding pathways and implications on splicing functions
Our motivation of the present study is not only on the native structures but also, more importantly, on the structural stability and the conformational changes away from the native structure. The structural transitions can be vividly revealed by the free energy landscape that gives the full distribution of the complete conformational ensemble. Mathematically, we compute the free energy landscape F (N,NN) as a function of structural parameters (N,NN) , where N and NN denote the numbers of intermolecular and intramolecular base-pairs, respectively.
The minima of the landscape indicate the stable states and the global minimum corresponds to the most stable state. From the change of the shape of the landscape, we can obtain the information about the conformational change. For example, from the energy landscape, we found that two folding intermediates existed in the E. coli 23 S rRNA, 66 one is native-like and the other is misfolded.
In addition, from the energy landscape, we can investigate whether the folding/unfolding is twostate (cooperative) or multi-state with the formation of intermediates, and whether the folding intermediates are "on-pathway" or "off-pathway" in the RNA-RNA complexes. Here we define an onpathway intermediate as a stable state containing native base-pairs only and an off-pathway intermediate as a state containing non-native base-pairs. Here a base-pair is called "native" if it exists in the native structure and "non-native" otherwise.
Yeast U2/U6
From the detailed experimental comparisons and thermodynamic analysis for the structures at 25 8C shown in Figure 2(a) , we find the following conclusions about the structure of yeast U2/U6 complex:
(1) Without coaxial stacking, there exist two competing structures: the four-helix junction structure I and the three-helix junction III structure that contains intermolecular helix Ib. (2) With coaxial stacking, the four-helix junction structure I becomes the only stable structure at 25 8C. The thermodynamically favorable coaxial stacking is formed between U2 stem I and helix II and between helix Ia and the intramolecular U6 helix. (3) The predicted four-helix junction structure I agrees very well with that derived from the NMR study. 22 The four-helix junction structure is consistent with the hypothesized structural role to promote the formation of the catalytic core. (4) The predicted three-junction structure III agrees exactly with the one derived from the biochemical and genetic studies. 8, 18 The three-helix junction structure contains the intermolecular helix Ib which has been shown to be critical for splicing. 8, 18 From the NMR study by Sashital et al., 22 it was proposed that the four-helix junction structure I may be important for the first step of splicing and the helix Ib-containing structure III may be important for the second step of splicing. Therefore, a conformational switch between the two structures may occur in the splicing process. How to understand the formation of the functionally important helix Ib-containing three-helix junction III from the (most) stable four-helix junction structure I? It was proposed that protein-binding may play certain unknown roles to promote the formation of helix Ib. 8, 18 From our quantitative analysis for the role of coaxial stacking in stabilizing the four-helix junction, we further hypothesize that protein may intrude the four-helix junction structure to disrupt the coaxial stacking. With the coaxial stacking disrupted, the four-helix junction structure is Free Energy Landscapes for Spliceosomes significantly destabilized and the competing helix Ib-containing three-helix junction structure is stabilized and formed.
We use the free energy landscape to investigate the equilibrium pathways for the thermal unfolding and conformational switch of U2/U6. The existence of the alternative structures for the U2/U6 complexes at 25 8C implies that the folding/ unfolding of U2/U6 may involve multiple pathways with on-pathway and off-pathway intermediates. In Figure 6 , we show the folding pathways for yeast U2/U6 complex. First, the proposed protein binding would disrupt the coaxial stacking in the coaxial stacked structure N, causing a structural change from N to its non-coaxial-stacking form (structure I in the Figure) . We then investigate the change in the free energy landscape and structural distribution in the thermal unfolding process.
At low temperature (TZ0 8C), we find a single native structure I, as shown as the single global minimum on the free energy landscape. As temperature increases, the helix Ib-containing Figure 6 . The stable structures of the U2/U6 complex from yeast at different temperatures. N is the four-helix junction structure with the formation of the coaxial stacking. With the postulated inhibition of the coaxial stacking (by protein binding), N/I, where I is the four-helix junction without the coaxial stacking. As shown in the Figure, I is stable at low temperature. The misfolded structure (III) emerges at TZ37 8C, which requires the unwinding of U2 stem I in structure I. Structure III is believed to be functionally active for splicing. Though structure I is the sole stable structure at TZ0 8C, as shown in Figure 2(a) , the three structures I, II, and III coexist at TZ37 8C. Conformation II is a partially unfolded form of conformation I. structure emerges as an off-pathway intermediate III. The formation of helix Ib requires a structural change to unwind U2 stem I (see Figure 6 ). Such conformational change from intramolecular U2 stem I to intermolecular helix Ib is consistent with mutational experiments. 18, 21 In the following steps, helix Ia is unzipped before helix II is unfolded, i.e. helix II is more stable than the helix Ia. Finally, at about 87 8C, the double-stranded complex dissociates into two single-stranded chains.
U12/U6atac
Multiple intermediates are also found in the U12/ U6atac complex for Arabidopsis (see Figure 7 for the corresponding free energy landscapes). We note that structures I and II have the same (N,NN) (N and NN are the numbers of intermolecular and intramolecular base-pairs, respectively). Therefore, they are embedded in the same point on the free energy landscape. To distinguish these two structures, we further plot the base-pair probability (data not shown). From the base-pairing probability plot, we find a single stable native structure I at TZ0 8C. As the temperature is increased, the native structure is partially unfolded to form a new structure II. At TZ37 8C, structures I and II are nearly equally stable. Structure II is found to play a crucial role in splicing. 34 As the temperature is further increased, helix Ia and U6atac intramolecular pairs start to be disrupted. At about TZ87 8C, helix Ib, the most stable helix stem in the complex, is disrupted and the complex is dissociated.
For both U2/U6 and U12/U6atac complexes, folding pathways show complicated on-pathway (with native-like intermediates) and off-pathway (with misfolded intermediates) folding processes. Moreover, the free energy landscapes (in Figures 3  and 4) , for the snRNA/snRNA complexes are quite bumpy with multiple local minima, corresponding to alternative stable structures. For RNA/RNA complexes, depending on the sequence, the interplay between the intermolecular and intramolecular interactions can cause more profound structural Figure 7 . The stable structures of the U12/U6atac complex from Arabidopsis at different temperatures. The misfolded structure (II) at TZ37 8C, which involves the refolding of U6atac intramolecular helix stem, is believed to be functionally active for splicing.
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rearrangements than a single-stranded RNA, 66 resulting in a more bumpy energy landscape. For most of the proteins, the thermodynamic and mutational stability are optimized in the evolution. 67 For snRNA complex, however, the molecule may be optimized in such a way that multiple structural transitions can occur in order to perform different functions. This observation is in agreement with extensive experimental findings. [68] [69] [70] For the snRNA/snRNA complexes studied here, the dissociated states, corresponding to the positions with (the number of intermolecular basepairs) NZ0, are shown as hills (Zhigh free energy states) on the landscapes. This means that the dissociated states are unstable and snRNAs have a strong affinity to form complexes.
Conclusion
We develop a statistical mechanical model to predict the folding free energy landscapes and conformational changes for RNA/RNA complexes. In the model, we explicitly take account of: (i) both the intermolecular and the intramolecular interactions and (ii) the canonical and the non-canonical (mismatched) base-pairs. The interplay between the intermolecular and the intramolecular interactions leads to a variety of distinctive folding behaviors of RNA complexes. More specifically, our studies on the energy landscapes and folding pathways for snRNA complexes lead to the following conclusions:
(1) snRNA complexes have rugged free energy landscapes, corresponding to multiple coexisting/competing structures. For example, different experiments suggested two contrasting yeast U2/U6 structures (four-helix junction and helix Ib-containing structure), our model shows that these distinct structures actually coexist: they emerge as two free energy minima on the free energy landscape for the full conformational ensemble. Furthermore, our calculation supports the experimental hypothesis that helix Ib competes specifically with the four-helix junction. (2) In analogy to the hairpin ribozyme structure, coaxial stacking between adjacent helix stems can form in snRNA complexes. The coaxial stacking can significantly stabilize the helix junction structures in some snRNA complexes. For example, in yeast U2/U6, the coaxial stacking can significantly stabilize one of the two competing structures, the four-helix junction structure. Therefore, we hypothesize that the conformational switch from the four-helix junction to the helix Ib-containing structure may be activated by the disruption of the coaxial stacking, presumably by protein, in the splicing process. (3) The folding pathways for snRNA complexes involve multiple native-like and misfolded intermediates. For example, at low temperature, the functional helix Ib structure is unstable. Upon heating, at TZ37 8C, the intramolecular U2 stem I is unzipped and the structure is rearranged to form a misfolded state, which contains the functionally important intermolecular helix Ib. The model can quantitatively predict the stability of all the possible intermediates. Such quantitative analysis for the formation of the intermediate states is essential for the understanding of splicing efficiency.
Although the application of our model is focused on the folding of the snRNA complexes, the model is general and can be widely used on predicting the free energy landscapes and folding pathways of other RNA/RNA complexes. The model may also be applied to treat the DNA/DNA and DNA/RNA complexes 38 if we use the corresponding enthalpy/ entropy parameters. 71 
Theory and Methods
Free energy landscape of RNA/RNA complex As shown in Figure 8 , we consider a thermodynamic system consisting of single-stranded RNA molecules S 1 , S 2 and double-stranded RNA/RNA complex S 12 . The folding thermodynamics of the RNA/RNA complex is determined by the partition functions Z s for S s (sZ1,2,12). From the partition functions, we can compute the free energies F s for the respective single-stranded chains and the doublestranded complex from: F s ZKk B T ln Z s .
To relate the free energy to the structure, we define free energy landscape. 66, [72] [73] [74] We define the free energy landscape DF(G) (GZparameter set used to describe the structure) for the folding (formation) of the complex as:
where DG init is the free energy change associated with the nucleation of the two strands. Experimental measurement gives DG init Z4.1 kcal/mol for RNAs at 37 8C. 40 As an approximation, we can assume that DG init is independent of structure G and treat DG init as a constant, because it does not cause any change in the shape of the free energy landscape.
The calculation of the total partition function for RNA/RNA complex The partition function calculation for singlestranded molecules has been well studied. [75] [76] [77] [78] Recently, we developed a statistical mechanical thermodynamic theory for single-stranded RNA secondary structure folding. 45 The theory is based on the virtual bond chain representation of realistic RNA structures. Therefore, unlike previous lattice models, the model can directly treat realistic RNA conformations. In addition, the model has two distinctive features. First, it explicitly accounts for non-canonical base-pairs. Second, it gives rigorous chain entropy (including the multi-branched loop entropy) from polymer principle calculation. In the entropy calculation, the theory can treat the steric hindrance between different nucleotide groups in the sequence and the correlations between different structural units (Zloops, base stacks). Therefore, the model accounts for the non-additivity effect (i.e. total entropy is unequal to the addition of entropy of each structural unit). The theory can successfully predict folding thermodynamics for RNAs tested (against experiments).
Despite the several previous successful efforts on the modeling of RNA/RNA complexes, [39] [40] [41] [42] [43] [79] [80] [81] accurate prediction for double-stranded RNA/ RNA complex folding thermodynamics by accounting for both intermolecular and intramolecular interactions, non-canonical base-pairs, thermal fluctuations and full conformational distributions remains a great challenge. In the present work, we develop a statistical mechanical model to compute the folding thermodynamics for RNA/RNA complexes.
We consider RNA secondary structures only. According to the nearest neighbor model for RNA secondary structure, we describe the chain conformations in terms of base stacks (formed by neighboring base-pairs). Especially, we consider not only the canonical (Waston-Crick) base-pairs but also the non-canonical (mismatched) base-pairs as well. We use the recently developed virtual bond model to compute the chain entropy. 45 For the enthalpy DH stack for the base stacks, we use experimentally measured empirical parameters. Specifically, we use 52 for the coaxial stacking parameters. The basic idea in the model is to transform the double-stranded complex into an equivalent singlestranded chain. As shown in Figure 8 , we connect the two molecules in the complex by a three-nucleotide phantom linker. With the phantom linker, the twostranded complex appears as a "virtual" singlestranded chain. However, since the phantom linker is not real, thermodynamic parameters associated with the phantom linker are set to be zero. Because of this, the previous theory for single-stranded RNA folding cannot be used to treat the double-stranded complex (with the phantom linker). We need a new theory.
We note that a previous model 40 also introduced a phantom linker. However, that model cannot treat intramolecular base-pairs, which are believed to play crucial structural and functional roles in many RNA/RNA complexes. As we show in the following, the model developed in this study can account for both intermolecular and intramolecular base-pairs.
With the phantom linker as a divider, the chain a/b in Figure 9 RNA secondary structure shows a recursive hierarchy: the closing base stack of a closed conformation (e.g., stack (aK1,a,b,bC1) Figure 9 (a)) can be connected to another smaller closed conformation through either a real loop (C1) or the open conformations (C2) or through a closed conformation (C3).
In order to account for the correlation between the closing base stack (with (a,b) base-pair; see Figure 9 (c)(C2)) and the other connected structural units (from aC1 to bK1 in Figure 9 In Figure 9 (d), we note that a is the (left) 5 0 -terminal nucleotide and b is the (right) 3 0 -terminal nucleotide. Types-L, R, LR and M correspond to a bulge on the strand close to the 3 0 end, on the strand close to the 5 0 end, on both the 5 0 and the 3 0 strands, and an internal unstacked loop, respectively. 
where DG stack is the free energy of the closing stack formed by base-pairs (a,b) and (aK1, bC1) in Figure 9 (c) and DS unstacked (l) is the loop entropy for the unstacked loop of length l (see Figure 9 (c)(C2)) of type t (ZLR,L,R,M). The f x factor accounts for the contribution from the unstacked loop of length l: f x Z 1 if the phantom linker is embedded in the unstacked loop (and so the loop is not a real loop), and f
x Z e DS unstacked ðlÞ=k B if the phantom linker is not in the unstacked loop (and so the loop is a real closed loop). Figure 9 (c) gives an illustration for how to calculate the partition function C x (aK1,bC1) for closed conformation from aK1 to bC1. There are three types of possible conformations from a to b: a single (real) loop (C1), an open conformation (C2), and a closed conformation (C3) connected a smaller closed conformation.
The key for the partition function calculation is to obtain O x t ða; b; lÞ (xZ0,1; tZM,L,R,LR) for different a and b. From the recursive relations in equations (2) and (3), we can calculate the partition function of the chain from the partition functions of shorter chain segments using the following recursive relationships: 
The first term is the contribution from the unfolded coil state. 
where Q tot (a,b) is obtained from equation (5) and Z 1 and Z 2 are obtained from the statistical mechanical model that we developed for single-stranded RNA secondary structures. 45 The calculation of the base-pairing probability and the free energy landscape
To obtain the detailed structural information from the free energy landscape, we compute the basepairing probability p s (x,y) for each and every basepair (x,y) for both the double-stranded complex (sZ 12) and the single-stranded free molecules (sZ1 or 2): where aZ e DG init =k B T x735 for TZ37 8C and Z s (x,y) (sZ1,2,12) are the conditional partition functions of all the conformations with base-pair (x,y) formed in state S s . From the base-pairing probability, we can obtain the information about the most probable structures.
In contrast to the previous models, 39-43 the advantages of the present model are that: (i) it (2) Free Energy Landscapes for Spliceosomes accounts for not only the intermolecular interactions, but also the intramolecular interactions, (ii) it explicitly treats the non-canonical (mismatched) base-pairs, and (iii) it gives not only the native state, but also the full energy landscape and the full conformational distribution, (iv) it is based on a new statistical mechanical theory for RNA folding and RNA/RNA complexes, and the chain entropy is calculated from a polymer physics theory using the virtual bond chain representation.
We compute the free energy landscape F(G) from the partition functions Z s (sZ1,2,12) (see equation (1)). The minima on the free energy landscape F(G) represent the stable states. From the change of the landscape shape, we can vividly observe the conformational change and the change of the conformational distribution. To directly "observe' the association and dissociation of the complex from the free energy landscape, we choose a two-component structural parameter set GZ(N,NN) to describe the structure of the complex. Here N and NN are the numbers of intermolecular and intramolecular base-pairs, respectively. The free energy landscape DF(N,NN) can be plotted as a visualizable three-dimensional landscape. NZ0 corresponds to the state that the double-stranded complex S 12 is completely dissociated into two free single-stranded molecules S 1 and S 2 . The detailed (stable) structure at the minima on the free energy landscape can be confirmed/identified from the base-pairing probabilities.
